The aim of this study was to develop a three-dimensional method to analyze edentulous ridge shapes.
INTRODUCTION
The buccolingual position of artificial posterior teeth is limited and determined by the shape of the posterior ridge which is the stress-bearing area supporting occlusal forces. To achieve maximum stability in complete dentures, lever balance should also be considered as a pivotal factor 1) . On this note, the comparatively flat area (CFA) of ridge may be adequate to achieve lever balance in the stressbearing area. While it is important to examine these ridge areas objectively and accurately, existing methods that examine residual ridge shape [2] [3] [4] have not been able to analyze this CFA. Against this background, we had previously designed a system to analyze the CFA including ridge crest on a reconstructed image of the ridge contour by using a non-contact shape measuring device and computer software 5, 6) . In the abovementioned analysis method, the software had a function to determine the CFA using tangent lines at the buccal and lingual sides of the ridge contour in the frontal section interpolated by a spline curve. Ridge crest was calculated as the highest point of the upward convexity of the ridge contour in the frontal section. However, this software was not adequate to analyze flat or concave ridges without a ridge crest. Some textbooks on complete denture prosthodontics 1, 7, 8, 9) state that mandibular residual ridges with severe bone resorption have a steep upward slope at the anterior area to the retromolar pad, and that positioning artificial posterior teeth in this area could cause the lower denture to move anteriorly 7) . By the same token, a posteriorly inclined ridge could result in denture movement in a posterior direction. Therefore, it is necessary to carefully examine these slope areas to provide optimal stabilization of complete dentures.
To allow analysis of all ridge shapes, an improvised software was developed in another study 10) using a normal line instead of a tangent line. This software was used to examine the anteroposterior and buccolingual inclinations of the lower distal extension ridge 10) . Results showed that this software could be used to analyze any ridge shape. However, analysis area was limited to the distal extension edentulous ridge.
In the present study, we further improved the software to allow analysis of the entire edentulous ridge.
In terms of experimental strategy, this software was first used to analyze the residual ridge of an edentulous patient with average bone resorption. Then, it was used to analyze the ridges of 20 edentulous patients with a spectrum of ridge shapes resulting from severe bone resorption.
MATERIALS AND METHODS

Analysis system
The system consisted of a non-contact threedimensional shape measuring device (Surflacer VMS-250R, UNISN Inc., Osaka, Japan), a personal computer for controlling the measuring device, a personal computer for analyzing data, and a customdeveloped software for shape analysis using Visual Basic Ver.6.0 (Microsoft Co. Ltd., USA). The software, which was an improved version of the existing software for analyzing distal extension edentulous ridge, was designed to analyze the entire edentulous ridge using the tentative plane of occlusion of a wax denture and the normal line on the Figure 1 shows the upper and lower plaster models and wax dentures mounted on the fixed apparatus, which was attached to the chuck of the rotational table of the measuring device. The two-object assemblies were positioned by leveling the tentative occlusal plane of the wax denture, and where the anteroposterior and lateral directions of the plaster model were set as X-and Y-axes, respectively. In the present study, the lower plaster model and wax denture were examined. The measuring device took measurements at intervals of 0.25 mm in both directions. 2. Analysis method To generate a program using a normal line, we regarded the ridge shape as being composed of quadrangles with intervals of 0.25 mm in the directions of X and Y-axes. Each quadrangle was then divided into two small triangles with a diagonal line. The center of gravity of the respective triangles was used to set up the normal line (Fig. 2) . Areas suitable for supporting occlusal forces were defined as CFA with an angle of 90 between the normal line and the tentative plane of occlusion. This angle was defined as the normal line angle (Fig. 3) .
Each normal line was projected to the two planes (X-Z plane and Y-Z plane) on the measurement coordinates. The X-Z plane and Y-Z plane corresponded to the sagittal and frontal sections, respectively. We calculated two normal line angles (90+ , 90 ) on the respective planes in the anteroposterior and buccolingual directions (Fig. 3) . Six levels of CFA between 90 5 and 90 30 were classified at intervals of five degrees from the normal line angle in both anteroposterior and buccolingual directions.
In this study, ridges of 90 5 , 90 10 , 90 15 , 90 20 , 90 25 , and 90 30 were called A-ridge, B-ridge, C-ridge, D-ridge, E-ridge, and F-ridge, respectively.
Analysis of a mandibular residual ridge with average bone resorption of an edentulous patient Using the plaster model with average bone resorption ( Fig. 1) , the CFA from A-ridge to F-ridge were examined and images of the artificial tooth arch were superimposed on the ridge. In each residual ridge, the CFA was displayed as a white area and other part as a dark area.
Analysis of varied shapes of mandibular residual ridges resulting from severe bone resorption in 20 edentulous patients Varied ridge forms resulting from severe bone resorption in 20 edentulous patients (7 males and 13 females) were examined and divided into three categories: tapered ridge, flat ridge, and lingually sloping ridge. Tapered ridge was the narrow CFA with residual ridge crest. Flat ridge was buccolingually broad CFA without residual ridge crest. With both tapered ridge and flat ridge, the horizontal CFA analyzed using 90 10 was displayed as a white area. As for the lingually sloping ridge which did not have the horizontal CFA, it was displayed as a white area (normal line angle between 0 and 90 degrees) on the left side and the reverse as a dark area (normal line angle between 90 and 180 degrees) on the right side.
RESULTS
Analysis results of mandibular residual ridge with average bone resorption Figure 4 shows the analysis results for A-ridge to Fridge with the artificial tooth arch superimposed on the A-ridge. This figure shows the entire area of the edentulous ridge. In each residual ridge, the CFA was displayed as a white area and other part as a dark area. White areas indicated by arrows were analyzed as CFA including the ridge crest. This area spread gradually as the normal line angle increased. In the A-ridge, the functional cusps of posterior teeth were located on the CFA.
Analysis results of varied shapes of mandibular residual ridges with severe alveolar bone resorption Table 1 shows the analysis result for the varied shapes of mandibular residual ridges resulting from severe bone resorption in 20 edentulous patients.
Rates of tapered ridge, flat ridge, and lingually sloping ridge were 30 , 40 , and 30 , respectively. Figure 5 shows two examples of analysis results for the tapered ridge, flat ridge, and lingually sloping ridge. White and dark areas in the tapered and flat ridges, as those shown in Fig. 4 , are displayed. In addition, the white areas indicated by arrows in the tapered and flat ridges show the horizontal CFA analyzed using 90 10 , i.e., the Bridge shown in Fig. 4 . CFA in the tapered ridge was narrower than that of the flat ridge.
In the lingually sloping ridge, white area indicated by the arrow on the left side shows the area where the normal line angles were less than 90 . On the right side, the lingually sloping ridge can be seen as the dark area shown by the white arrow.
DISCUSSION
Significance of analyzing ridge shape In cases where an interalveolar crest line angle is less than 80 in the first molar region, Gysi advocated the interalveolar crest line rule which recommends the cross-bite arrangement to be adopted 11) . The line connecting the upper and lower ridge crests indicate that a complete denture with the posterior tooth arch arranged buccal to the ridge crest will be easily tipped out of position. On this note, in a study by A 3D analysis of edentulous ridge shape 432 . In another study about the influence of buccolingual position of artificial teeth, Kawano et al. compared the pressure exerted on supporting tissue under the lower complete denture. In this study 13) , the posterior tooth arch was arranged in three different positions in a buccolingual direction: according to interalveolar crest line rule (C-position), 3 mm buccal of the C-position, and 3 mm lingual of the C-position. Significant increases in pressure were observed when the posterior tooth arch was positioned buccally and lingually of the C-position. Conversely, least pressure was exerted when the posterior teeth were arranged in the C-position.
Similarly, using a two-dimensional finite element method, Nishigawa et al. reported that the stress value at the buccal border of the maxillary model increased as the loading point moved to the buccal side 14) . Moreover, stress value for the loading point on the furthest buccal point was twice as large as that on the ridge crest.
Taken together, results of Kawano et al.
13)
and Nishigawa et al. 14) indicated that dentures with the posterior tooth arch arranged to the buccal side of the interalveolar crest line resulted in increased pressure, which could then cause bone resorption.
In terms of the influence of buccolingual position on chewing efficiency, Kapur et al. conducted a study with 12 complete denture wearers with the posterior teeth arranged in different buccolingual positions 15) . Results showed that when the posterior teeth were positioned buccally further from the ridge crest, the lower would be the chewing efficiency 15) . Indeed, these studies [13] [14] [15] evidently showed that before determining the position of the posterior teeth, it is important to use an appropriate analysis method to examine the ridge shape including the ridge crest.
In our previous report in which we used tangent lines, ridge crest lines and the consecutive interalveolar crest lines of ridge with an average ridge form were superimposed on the surface of an edentulous cast 6) . This was done to determine the appropriate buccolingual position of the posterior teeth. In the present study, superimposition of the artificial tooth arch on the A-ridge (Fig. 4) seemed to visualize the buccolingual position of the posterior artificial teeth on the CFA, including the ridge crest. However, in cases with no apparent ridge crest as a result of severe alveolar bone resorption, it is more important to consider the positional relationship between the upper and lower ridges, as shown in Fig. 5 .
Analysis method 1. Measurement accuracy
Measurement interval affects the accuracy of the reconstructed images of the objects 16) . In the present study, measurement interval was 0.25 mm in both anteroposterior and lateral directions. Wakabayashi et al. 17) reported that a measurement interval of 0.2 mm was small enough to reproduce the shape of the occlusal surface of a dentulous plaster model. In the present study, the object studied was a plaster model of an edentulous ridge with a less complicated shape than the occlusal surface. According to the manufacturer of the device we used 18) , measurement accuracy was 0.05 mm in the height direction when the measurement interval was 0.25 mm. Based on the report of Wakabayashi et al. 17) and manufacturer's information 18) , we therefore judged that this device would aptly serve our experimental purposes. 2. Measurement time Measurement interval and size of measurement area affect the measurement time. In terms of measurement interval, it was 0.25 mm as reported by Wakabayashi et al. 17) and the same as was used in our previous studies 5, 6, 10) . When a slit light is used for measurement, measurement time is shorter as compared to a spotlight. The measurement device we used was equipped with a slit light, which took about 20 minutes to measure both the edentulous model and lower wax denture.
Using a light-stripe method to emit a horizontalstripe laser and to scan the object using a galvanic mirror, Sohmura et al. 16) was able to measure a dentulous plaster model in about 0.6 seconds with a measurement interval of 0.4 mm. In other words, measurement time could be even shorter if a light-stripe method were used than the measurement system used in the current study. 3. Analysis software In our previous study, the software used was capable of analyzing the CFA using tangent lines and thereby determined the most suitable position for the artificial posterior teeth for complete dentures 5) . This software determined the CFA as the area between two points on the ridge contacting the tangent lines at the buccal and lingual sides in the frontal section interpolated by spline curves only in the lateral direction. The CFA changed by the magnitude of the angle between the tangent line and the tentative occlusal plane. In the previous study, we adopted 30 as the angle between the tangent line and the tentative occlusal plane. However, in flat, depressed, or lingually inclined ridges resulting from severe bone resorption in the edentulous mandible, it was impossible to find a point where the tangent line contacted the ridge contour in order to examine the stress-bearing area including the ridge crest.
To rectify method deficiency, we therefore designed a shape analysis system using the normal line angle and used it to examine the edentulous mandibular distal extension area 10) . Results showed that this system could be used for examining not only the CFA including ridge crest, but also ridges with no ridge crest sloping anteroposteriorly or buccolingually. However, this software was limited to analyzing the distal extension of the edentulous ridge. Accordingly then, in the present study, we improved the software to enable it to analyze the entire area of the edentulous ridge.
Analysis results
Based on the analysis results obtained for an edentulous ridge with an average ridge form, it was shown that the improvised software could analyze the CFA including ridge crest over the entire area of the edentulous ridge as effectively as our previous system using tangent lines 5, 6) . The CFA, including the ridge crest, changed with the normal line angle as shown in Fig. 4 , and corresponded to the posterior residual ridge crest zone reported by Takamata et al. 19) using moir topography apparatus. Takamata et al. reported that the posterior residual ridge crest zone changed according to the buccolingual width of the moir striped pattern 19) . The third moir fringe lines at the buccal and lingual sides furthest from ridge crest were selected as reference lines for the posterior residual ridge crest zone.
Takamata et al. also investigated the overlapping zones in the posterior residual ridge crest zones of maxillary and mandibular casts mounted on articulators 19) . The 20 pairs of overlapping zones were examined according to the area of overlap in an anteroposterior direction.
Full overlapping zones were found in 65 of the 20 pairs in the area from the first premolar to the second molar, 27.5 had partial overlapping zones, and 7.5 had no overlapping zones. Varied patterns in the overlapping zone were caused by the different rates of alveolar bone resorption between the maxillary and mandibular ridges. Generally, the width of the maxillary alveolar arch decreases, whereas the width of the mandibular alveolar arch increases 7, 8, 14) . The overlapping zone with an apparent ridge crest in the report of Takamata et al. is useful as a reference for positioning the posterior artificial teeth. However, flat and lingually sloping ridges with no ridge crest need a reference other than the ridge crest to position the posterior teeth.
On the other hand, Beresin and Schiesser advocated positioning the artificial teeth in the neutral zone (NZ) to be in harmony with normal neuromuscular function 20) . Fahmi radiographically examined the buccolingual relationship between the center of NZ and the mandibular ridge crest by adapting stainless steel wires in 21 edentulous patients 21) . The results were analyzed according to the period of edentulousness.
The longer the period of edentulousness, the more was the center of NZ located to the buccal side of the mandibular ridge crest. Thus, residual alveolar ridge crest changes its location in a buccolingual direction due to the progress of alveolar bone resorption. Furthermore, severe bone resorption results in flat and lingually sloping ridges with no apparent ridge crest. Consequently, it is useful to use the concept of the center of NZ as a reference instead of the ridge crest.
As shown in Fig. 5 , results were obtained for differently shaped mandibular residual ridges with severe alveolar bone resorption. It was evident that the present analysis method using the normal line angle could analyze ridge shapes not only for tapered ridges, but also for flat and lingually sloping ridges with no ridge crest. It should be noted that for flat and lingually sloping ridges, the buccolingual position of posterior teeth could not be obtained by analyzing the CFA including ridge crest (as in our previous report 6) ) or by using posterior ridge crest zone (as by Takamata et al. 19) ). Against this background, it was necessary to use references such as the center of NZ when analyzing these ridges. However, determining the NZ requires the use of the flange technique.
To circumvent the use of flange technique, we examined these ridges with no apparent ridge crests using the overlapping zones of maxillary and mandibular ridges. This was a simpler method to determine the buccolingual position of posterior teeth than the flange technique. In this method, the margin on the buccal side of maxillary ridge was determined by the buccal fold-back line of the maxillary ridge, while the margin on the lingual side of mandibular ridge was determined by the mylohyoid ridge. These two margins then delineated the overlapping zone of ridge (OZR), which was used as a reference area for the buccolingual positioning of the posterior teeth instead of NZ. Figure 6 shows the method for determining the OZR, and the analysis results for the lingually sloping ridge are shown in Fig. 5 . Image of the maxillary ridge was superimposed on the lingually sloping ridge. In this figure, buccal fold-back line of the maxillary ridge and the lingual margin of the mandibular ridge are shown as small circles. Subsequently, the buccolingual center of OZR, which corresponded to the buccolingual center of NZ as reported by Fahmi 21) , was examined. It is shown by white dotted lines in Fig. 6 . In addition, in the lingually sloping mandibular ridge, OZR and the buccolingual center of OZR could be analyzed. This time, points applicable to the midpoint of buccolingual width of OZR were selected by the operator.
Based on the technique described and the results given in the present study, it was shown that the herein developed three-dimensional method could be used to analyze residual ridges of any shape.
CONCLUSIONS
We have developed a method to evaluate the entire area of fully edentulous ridges by referring to the normal line angle of the edentulous ridge. In terms of experimental approach, the average residual ridge of one edentulous patient was first analyzed, and then ridges of varied shapes in 20 edentulous patients with severe ridge resorption.
Based on the results obtained in the present study, it was concluded that this system not only evaluated the CFA, but also varied ridge shapes to determine the most suitable position for artificial posterior teeth.
